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GRAIN DOUNDARY DIFFUBION IN OXIDES AND ITS CONTRIBUTION
TO OXIDATION PROCESSES

A. Atkinsca

Abstract

Expariuental datez for the preforential diffusion of species along grain
boundaries in oxides, relevant to oxidation filss, are briefly reviewed and
discussed in terms of the liksly atomistic processes responsible for
diffusion. .

The dats sre then us: d to assass the coatribution of grain boundary
diffusion to oxidatiom processes such as fils growth, the distribution of
impuritiecs and the i fluence of impurities on film growth .. the oxidation
of nickel based systems (Ni, Ni-Y, Ni-Ce0,, Ni-Cr).

Matcrials Development Division
Harwell Labora.ory

January 1987

HL87/1000 (Cl4)




Introduction
Grain Boundary and Dislocation Diffusion in Oxides
Self Diffusion

Impurity Diffusion
The Influence of Impurities on Self-Diffusion

Growth Rate of 'Pure’ Oxides
Oxidation of Ni~Y Alloys and Cooz-coated Mi

N

Oxidation of Wi-Y Alloys
Oxidation of Ccoz-coatcd ni

Oxfidstion of Dilute Ni-Cr Alloys

Conclusions
Acknowledgement
References
TABLE

Table
| Activation Energies, Q(eV), for Grain Boundary Diffusion

in Wi0

ILLUSTRATIONS

rig.
) Diffusion coefficients of Ni and 0 in the lattice, in

dislocations sand along grain boundaries in NiO

2 Calculated structure of che (310)/[00!3 36.9° symme rical
rilt boundery in NiD shcwing the path tsken by s nickel
ion during its easy diffusion parallel to the tilt axis

k) Diffusion coefficients for some impurities in NiO grain
boundaries (st an oxygun pressure of | atm) compared with
the corresponding lattice diffusivicies

4 The influence of Cr doping (approximutely 0.1%) in the
diffusicr of Ni in the lattice and along grain becundaries
in NiO

S Schematic disgram illustrating how an impurity such as Ce
in substicutional sites near the bouindary plane in NiO can
block diffusion of Ni at the brundary

be

Pago No.

(9]

7 S



.: ILLUSTRATIONS (ceont‘'d)
ria. Page No. ]
'
¢ Acthenius plot ol the parabolic rate constent for the '
i oxiestion of Wi to NiO 10

! 7  The paradolic rate comctent for the omidation of Ce0,-
coated Wi compared with that of pure Ni end that expected
for W10 growth being comtrilled by lattice diffusion of Ni i

] Schemrtic diagraa showiang the matura miccostructure of the
onide formed dy onidatios of Ce0,-costed Ni 12

’ (a) Bright-field transmission electron micrograph of a
transverse section of nickel oxide scale formed on caria-
coatad nickel (233 hrs, 900°C, 0,). (b) Profile of X-ray
intensity for Ce acroes a graim doundary in the outer Wi0
layer, showing the presence of ~ 0.3 monolayers of
segregated carium at 0.3 .m distance from the cezia-rich
layer. 13

19 lnll depth profiles thnu.h N0 filme grown for S h in
190, and then 2 b in '%0, in | arm oxygen at 700°C.
i Cr alloy. H

(l) Pure Wi. (b) Wi 0.1




¥ Orein boundaries and dislecaticas are petextial routes fer vepid (or
shert-circuit) diffusien fa crystalline materials becawsc there s wsually
grester (isorder fa the srramgeseat of atome withia these regicas thes in
the dulk lattice. (Comversely, (s ssterials vhich heve ighly divoriered
bulk lattices, graan boundaries ced dislecations will mot enhance
te ; indoed, they msy evea reduce it.) The reistive impertssce of
short€ircuit tramepert, compered o bulk jattice tramspert, will gemerslly
be greater for lower temperstures, smsller grais sises and msterisls vhich
tend to contain lovw cenceatrations of lattios defects. These coaditioms are
81l found in enide filme grewing ea cerresieon resistaent alluys in service
conditions. It 1s therefere te be empoctad that memy of Lhe key processes
vhich iavelve materisl tramspert in enide filus will be u-uollod by -hen-
cireuit diffusion aleng greia boundaries amd/er dislecatioms. r - ...

The ssst cbvieus prececs which is likely te be ceatrolied Dy short-
circuit diffusien 15 the rato at which thc enide filw grows, by mste! ions
diffesing outverds and/eor enide feas diffwring imvards. Dut, there are
several other impertast precesses talking place durimg onidatiom vhich
iwvolve materisl tramcpert and they are all peteatislly isterdapendeat. For
exazple, the miciestruiture ia the fils vill depend en the fila ' owth
aschenise vhich wil. ia tura dipoad ea the misvestructure. This !
pecticularly so ia alley enidation whers the lesation of slloying elsmeats,
vhich con influence diffusicn snd exnide graiu sise, is comtrolled hy the
diffvsion of the clleying elemsats ia the exide film. The gemeration of
stress in a groviag file may also be diffusien cemtrolled, 2.5. by the
reaction of sstal inme aed anide iems diffwsing ia apposite directioma
vithin tl.: fils. The respeas> of the fils to theee ciresses cam also be
detornined Wy (iffueion—centrolled creep precesses. Yinally, the ebility of
on onide [ile te pretest the metal frem sttagk by more agiressive
constituants in the cavireassat (eo.g. sulphur) msy alse be determined by
diftfueion.

In o~dar to sssess the centributiou that shert-circuil diffusion cen
maks to such processes it s clearly nec:ssary to knov the nagnituds cf soma
Rey short-circuit diffusion cesfficients and heov they say be influenced by
other peremeters. Ia perticular, it weuld be uwseful to know the short-
circuit diffusion coefficivnts of souwe metals snd oxygen ia important
oxides, hov they cre influenced by impurities and what atomic processes are
responsible. Some of these goels have ncw beea schieved for NiO, which is &
convenieat mode]l mster is] for onides vhich grow as corrosica-resistant
filas. The sim of this peper is to shev hov such on epproech can be used to
try and fmprove underntanding of soms oxidetien processes. Wa first survey
briefly wvhat is curraatly keowva sbeut short-circuit diffusfon (self
diffesion, impurity erif-:ioa end inflesnce of fmpuritizs) in oxides and
then wo apply this t. soue exidetiocn procosses favolving Ni0O. These are
growth rete of NIO filas, 3revth rate amd microetructure of NiO ow fe0,-
coated Ni and the onidation rete sad microstructure of dilute N{-Cr end Ni-Y

alloys.

Orein Bowndacy end Dislocstiom Diffusion in Oxides

Se ¢ Ditffweiom
Dets for self difwsien along shert-circuits in oxides have been
roviowsd in ¢ number of receat articles (1,2,3). The available experimentsl

dots are net astemsive, but they sre sufficient for some detailed
choorvetions te be mede for NIO and seme teatative gensralisatisns extended

g




te othe: ~vides. Lata frr Loth Ni and O diffusion aleng dislesaticns and
greis brvundaries (n M40 are preseanted ia Fis. 1 cemparsd vith tke
cecrespending lattice diffvsien cesfficients. In the case of graia
diffesion the setual purssstes messured experimsatally s the predist, D'6,
of the grein bowndery diffuvsica cesfficieat and boundcry vidth. In the case
of dislesations it is the same persmeter meesured for s lev sagle boundsry.
I' the ssen sepervatien _of Jislecations ia the lev sagle downderies ‘s kasown
thoa the peresster D‘-’ ean bo dodused, vhere D, is the dislessten diffusicn
esufficiont snd a 15 the offecstive radius of the dislecation ssouming it te
bo ayprenissted 28 o sylindrical pipe. Fer estisstiens ¢ maverisl
trensport theco combined paremeters sre the relevent emee. Newever, ia
ovdes o cempere sstus] diffusien ecocfficieonts the gesmetrics. persmeters §
aad o sust slse bo messured. LRaperise”ts nave Deen carried out (3,4) te
obtain a rough ostinete of § and a at & single temperature (ia this case
spprosisately “00°C). These axperimerts showed that both the vidth of the
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Tiguee 1 - Diffssien cesfficients of Ni and O in the lettice, in
dislesotions ond aleng grein boundaries in N1O. Tha oxygea pressure was
I ate for Nf diffusion and 0.2 ota for 0. The Jirlocstion dismster end
groin Dovrdery width heve bath beea sseumed omal to | mm (4,3,13,14).




ain boundary and tha disuster of the dislecation sre sppremirstey 1 ar ia
Thus the fect-diffusivity regios (s eseentially confimed te the corn
ch- borndary ex dislecatinon and 20 sigaificeat comtridutiea is sode by
the space charge regier which surrownds the boumdary in fomic materials. Ia
Fig. 1 it Sas thorefere bosa assumed that J = 2c = | ne.

g%

L

These dets illustsato seversl importaat features of skort-circuit
diffesiaa. Firet, dislenstiens snd grein bouwndaries are very similer. This
17 te be onpected simce theeretical medsli of graia boundary streuctures show
stenic configurations vhich are similar to thosc predicted for fselated
dislacations (6,7). Secend, the diffusivities of both meta] asd cayges ~re
onhanced in ths bdeundary vith respsct to the correspomdiag lattice
diffusivities, dut their relative order is maintained, {.¢. the faster
diffuser ia the }Jattice is almo the fistar im the ry. Third, the
degree of onhsacemsnt cam Do very great (a frctor of 107 is typcial) and the
activetion smersies for shevt-circuit diffwsio= are significantly lower thaa
for bulk diffusica, s summerised ia Table 1.

Teble 3. Activaticm Emergics eV), for Orein Downdary
~ welos 10 (1%

Exrerimeat Caiculation

W % | 9 o g

N4 DiZfusion | 1.78 2.% 0.70 | 1.6-2.2 2.9 0.3-0.3

0 Dilfusion 2.3 5.6 0.48 2.8 5.3 0.47 J

The inflweece of graim bowndary misorientativa om grain bowndsry
diffusion is mot well-established in oxides (or in metals). The date for N{
in N10 show thet there is some differemce betwwen 'low angla’ and 'hish
sagls' Sounlasiss sad OCssabach and Stubican (5) showed that Cr diffwsion in
(100] tilt boundaries in MgO increased with tilt sngle es expected for a
dislecation model of such boundaries. Experimsats of this type have been
soch mere extemsive im metsls. but have mot produced comclusive
resuits (2,9). At preseat it sppears that graia bowndery diffusion in moet
high angle bowndaries is mot semeitivy to bomndary sisorientstion except in
some specis)] ceses swch as the (171)/(011) ceherent twin boumdary in fcc
meteriels. (Ia thic motatiom the first index {s the boundary plene and the
second the direction sbout whkich the two crystsals h/ 2 been symmetrically
tilted.)

Although there are no direct experimants which allov the mechanise of
grois boundary (or dislocation) diffusiem to be ideatified there is now s
bedy of indirect evidemce, from both experiseat and thesry, to support the
concept that a peint defect is involved which is simtilar to & lattice defect
(e.g. vacascy or iaterstitial). Imn N0, an imcrease in oxygen activity,

. loadu to an iscreses ia the comcemtrstiom o' vacant Ni sites end henca

an imcreese in the lattice diffusisn ceefficieat for Ni. It ia also

found (4,3) thet grein boundary and dislecatiem diffes‘om of Ni in N(O
issresses in o similer way. This mey be exvlained 1if grein bowndary
diffusion of Wi in N0 clee socurs by & niche] vecency vheue comceatration
and mebility 12 grester ia the boumndery thea in the lattice. Similar
bohavieur hes alee beca repected for Cr diffwsion slong dinlocstions (as low
angle boundaries) ia Cr;04 (10).
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This consept is supperted by thesretical studies of the siTucturs amd
fos of greia bowadexfiec fr N0 (7,11) and dislecations in Ng0 (12).

The calculated strusture of the (310)/[001]) 36.9° tilt bewedary in W10 is
showa schemstisslly 4a Fig. 2 (11). The atrusture has relatively epsn
shaanels parsllel ts the tilt axis snd casy diffusien slemg tais directiom
£s chus enposted. D>, end Tesher heve caleunlated the emergios required te
forn defesty ', \[ "y 04'" red £) at verious sites in siaple boundaries
of thie type. found that (4 sll the bomndaries vhich they comsidered
there was slweys s site available for sech defect in the boundary which
redused the energy of fermation of the defest with reepecet to M
socvespeading bulk lettise defect. VFor snample. in the csre of the nickel
vesansy its mest stable lesatien is the boundsry showa in Fig. 1 fa the
site nsrhed A. They studied the grain boundery diffusion process by
celenlsting the lewset energy peth s neighbeouring aicke]l iom cowid take to
aove the vecsnsy to the mext site cleag the beundary. I this nemple, the
nent site £is labellud D and the predicted diffusion path is the curve
linking A end §. A sinilar jump seves the vecamecy to the next equivaleat A
site. This cslauletion wee carriod out for Ni diffusios along four
difforent boundurive by o vessncy sechenise and for O difiwsion slong &
siagle boundary by am iatersiitisicy sechanisn. The results sre summarised
in Table 1 end cempared with the msasured sctivation emsrgies for Ni and 0
grain boundary diffusien {u K10. The agreemesat between the miasured and
eslculated veluss is very geod, but may be fortuitous comsidering the
sppronisstions and wncertsinties imvelved (particularly for O diffusion).
Rewever, be predicted ratie of the activatioa emergies for grain boundsry
and lattic. diffusion {s sles in very good agresment vwith the experimental
valus for both Ni and O, and this should be less sensitive to errors then
the absslute valus. Of necessity, tho cslculatioas were oaly carried out
for a fov highly symmetric boundaries and a limited range of prossible

(210171001} NiQ tilt boundary

Figwre 3 - Calculeted structure of the (310)/(091] 36.9° symmetrice! tilt
boundary ir F19 shewing the path tekea by & nichkel ion during its easy
diffusien parallel te the tilt exiec. The Lleme sre not ar«wn to realistic
reletive esine (11).
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diffusicss potawsys. IMavertheless, the biced agresssat vith the ssasured
self~diffusien prrpoctios of sere gemeral bownderies which were presest ia
the pelyerystalline spesimms given ccnfidense in axteading this sppressh te
the predictien ¢/ other prepertiss e¢f grain beoundaries (suck as the
bohavieur of iogregsted impurities): st lesst at a qualitetive level.

l-wexity Riffveice

The diffesien ol Co, Cr and Co ia Ni0 grain beounderies ia
polysrstalline 10 specisens, similer te these weed for self-diffusien
studieces, has 1y B‘l [ ] (12). These fews are ampucted to be (a
cherge states » C27 sad Co"" and therefece represeat s ressenable ciees
sestion of impurity behavicwur. Fer umsxjls, thay differ widely in their
solubility and segregatisa charscteristics. Co {s cempistaly snluble im the
Ni0 lattice end shauld net pegregate spprecisbly to greis bowndaries. Ce
hes megligible lattice selubility anéd will disselwe ealy st greia
bSeunderies. Cr fslls betvesa these extremes, having slight lattice
selubility snd appresisble greia brundary segregatiea (164).

The sessured grain beundary diffusien coe(ficients are summsrised ia

Fig. 3 tegether vith the esrrver.mding lattice diffusien cenfficieats where
sppropriste. In the cass of Oo, it has Loea ssoumed that segremtiom te the
boundary is negligible and thut the beundery width is the scwe ss for N{
diffusion (i.c. 1 wm). Wo cosumpticms were mecessery o' Co since it ile
inosluble in the NiC lattice sad therefcre its diffwsic.. _oefficiert im the

is msasured directly. Per Cr the enperimeats were smslysed in o
vey which allewed the segregation sad diffusien centridutioms to be
separated in a self—censistent wvay (ageis sssuming § = 1 am). The diffusion
cesfficients ara in the erder Do, > > fexr both lattice and grein

diffesion (ne comperisea cea fos Cs becawse of {twy
megligible let~lce solubility), whish reinforess the view ihet grain
boundary and lattice diffusien beth tak: plase by 2 sisilr zechanise. The
stomic characteristics that ceatrol ispurity diffweion sro mot waderstood
evea for lattice diffusiea (17), but iomic chergs is odvicusly importast
since. in gesaral. tae Righer tis cherge om ibe iom tie more siowiy does ii
tend to diffuse.

The_Influence of Impurities .n Self-Diffwsica

The impurities vhich imtlvence slf-diffugion ({n the lattice sost ere
those vhich hove & differ st velemcy to e hest ions. Thus & trivalest
substitutional fepurit; ‘s » divalsat acet weuid be expected to incresse the
concantration of opposital!; «harged defects (e.g. cation vecencies).
R..ently, sevoral attemp”s have Heen medo to stway such doping effects on
grain boundary diffusion in oxims. Chedwick and Tuylor (18) measured the
diftfusion of Ni in NiO grein boundaries dopud with Co impurities. The
polyacystalline specisems were produced by omidising Ni in & similar wey to
thoso wned b Atkinson end Taylor /%) ad were doped by applying e Ce0,
couting to the Ni bafore oxidation. They found that the preserce of Ce had
no effect om grain boundatry diffusion of Ni trecer.

Noess ot al. (19) havs reperted sisilar experiments perforwed on
Y-doped polycrratalline NiO preduced by omidising Ni-C.1 wt X Y alloy. They
concludcd that tha presemce of the yttriuws hed no significant fiifluence on
the grain boundery diffesiom of Ni. PFurthermece, their results on both
undsped ene Y-depeé specimens were in gred agresment vith the earlier vork
of Athinsea and Teyler (3) ea wadoped W{O.
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Figere 3 - Diffusjen ceefficieats for sems inpurities im NiO zraia
beundaries (st sa exypem pressure of ' atm) celpared vith the corresponding
lattice diffweivitids. Tho bowndary width has been acsused squal to 1 na
end Co hes besn scsumed to have negligible bowndary segregation (18).

Whilst theee studive of Co- and Y-doped materials appesr to show that
grein boundery diffusion is mot seasitive to ispurities, there are other
enperimeats wvhich indicate jwet the oppesite. Experimeats in which Ni
diffusion heo boen studied along single boundsries in N1O bicrystals (20)
have indicated that impurities such as 'a and 81, which have low lattice
solubility and segregate stromgly to the beundary, can eitier suppress or
echence grein boundary diffusion depanding on the vey (n which the impurity
i segregated at the boumdary. More rec: 'iy, we have sttempteé o msssure
the diffusiea of Ni alemg jreis bowndaric. in Cr~doped polycrystaliline
#10 (21). The specimean which csre weed were agsin prepared by oxidation of
Mi olley (Ni 0.1% Cr) at 1100°C. OUINS saslysis revesled that the Cr/N
ratio in the outer pert of the fi1ls wes asbewt 0.03X. In these apecimans the
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ounpenseting issresse in the cemsestretion of Ki vecansics), but deareeses
in grein Sewndrrice (fer temparatuses below 900°C).
thess eaperimsats [t scems ressensdle to queetion whether
boundaries in the Co~ apnd Y-~deped specimsas were really duped oo
al. (19) suggset thet presipitetion of the
Y dopant acy be the resees fer its leck of influssce em graim beumdery
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Figere 4 - The inflwence of Cr doping (epproximstely 0.1%) on the diffusfion
of Ni (s the lattice and slomg grein bowndaries {7 NiG. The Ni/Cr ratic on
the greim bowmdaries is estimated to be abowt 2% (21).

In summery, therefo'e, it sppears that comtraedictory resuits have bean
obtained cencerning the influsace of higher velency cations (e.g. Cr, Y, Ce)
on the grein boundary diffusfom of Ni in NfO. This is probsbly due to the
difficulcy in fabricating specimens and it sey well be that diffusion is
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blncked, provided thau the iapurity comcentrstion s sufficieatly high. Ia
none of the expurimatal stedies relarred to hove Bas it heen poseible to
dizeccly measers the comceatratioa of dopaat at the boundery. Nowaver, ia
the cane of Cr the comcaatzation car e inferred friv ths balk comcentratica
ind the kema segregetion &« .ificieat of Cr (15,16) o the teapirsture at
which the specimns vers fabrfcated (1133°C). Ox 2t 3 “wsis the Cr/N{ ratio
1% the houndar/ec {a thone sxperiseats is setime od to by aboet 2%. This
wvas eppervat.y sufficiiat to biock Ni diffucion, or siov it dowm as
indicated in Pig. &,

The sechanisn by vhich a cation imruricy «ith a chixge greater than the
host catiom com increass lattice diffwsiom of the Lost bu® decresss graie
boundory diffusion can bo csslitatively undezatood vith guidance from the
8ddrlidng unuu“ Duffy and Tasker (11) have modelled the bshaviour of
substitutional Ce™" icac in :’s (310)/(001) tilt boundary in NiO. They
predict that slthough the Ce” ' ions will ba compensated by sn incressed
coaceutration of nickel vacsnciss there ars strong intersctinns between
taese oppciul! ehngod defects in tha boundary which favour the forsation
of ( ‘)Y pairs and larger ordexed srrays of defacts. The
sctivation mrgy for the Ce and vacancy to exc.uange is estimated to ba
3.0 oV vieress that for Ni-vacsncy exchinge in the sass boundary is
ostimated to be 1.86 V. This diffsience is in agresment with the
oxpezimentsl observation that grain doundory diffusivity of Ce is much less
than Ni. In s Ce~doprd Lmmndary the charge~compersating vacancies can only
contribetae to lonrnn;i Ni diffucion 1if they can ajigrate past the
effeciively immodile Cs”" foms. Duffy and Tasker estimate that the enargy
required to do this is 2.35 eV vhich is not omly greater than the unergy for
vicancy hopping in the uadopsd boundary (1.8¢ eV), but also graater than
that for vecarcy hopping in the lattice (2.4 eV by the same calculation
wethods). Hence the picturs that emerges is one in which the wore highly
chargad relatively mmobile {mpurity ion has a strong attraction for
vacancies such that the easiest diffusion path past the iepurity is by a
dotoer through the lattice. This procesa ie illustrated schemstically in
Fig. 3. Tue concertration of impurity which ls required to block ;ui.\
boundury diffusion can bo estimated roughly as exp (-8E,/kT) where AE
the differenca betwesn the =igration energy of the v-rnncy in the ur.uco
and the undopad grain boundary (im this cass about 0.5 ¢V). Hence, at
1000°C an f.rurity concentration of sbout 1% (cation fraction) would be
expacted to olock Ni diffusion in Ni0 grain bounderies. This is consistent
vith the ols rved effect of about 2% Cr~doping of NiO boundaries.

>

A
A 186ev_g 255eV B
30e¢

®
C siles

Jump_energies in_the (310j/{001) boundary

Figure 3 - Schomatic diagram i)lustratirg now asn irpurity such as Ce** in

substitution.] sites near the boundery plane in Ni{0O can block ditfusion of
Ni st the boundary. The labels .crrespond to rites in Fig. 2 and the
energins are calculated for exchsi.. .- jumps with s vacsncy batween these
sitrs (11).




Growth Rate of 'Pure’ Oxides

The growth rate of thick onide films by lattics du(uc- can be roleted

to ke self-diffusion coefficleats of the onide wsing Vagmer's eleciro~
ctnﬂul theory of enidation (22). It is found im prectice (123), however,
that the theocy s valid oaly for uxides that have large devictions from
stoichiometry (e.g. r.o c.o) or roms other oxides at sufficiently high
tamperature (eo.g. N0, ). In sost ceses of techaological importamce
covrosion is nhun!y c u Mch -l efither the intereat is ia more
refractory oxides (e.g. c:io, 209) ot u less refractory <xides at
lowver temporstuces (o.g. MIO, h,oé. ro, Under these conditions
it is found that Vagmer's theecy lauiu diffeusion alvays under~
estimates the oxidetiom rate, uuu-u by wany orders of magaitude (23).
This 1s an importaat piece of imdirect evidemce for tho dedmt role of
short-circuit diffucion paths durfag the grouth of 'pure’ oxides. (An
alternstive raticmalisation could te that fest diffusion in refractacy
materials and at lov temperatures is cawsed by luwpurities iscriasing lattice
diffweion. Wailst impurities wndoudtedly heve had some influwence or the
oxidation studies they are met the mais cauwse oY fast diffusiom because the
purest oxide files grovn {a oxidation experimemte contein fewer impurities
than the oxidas ia vhich diffusios studies have deea .arried out). Furcher
indirect evidence for short-circuit diffusion comer {rom the obeervation
that oxidation rste st 'lov' tespersture depemir on crystallographic
oricatation of the metal suletrate and its dagrce of cold working (24,29).
Such depandences are not predicted by Vagner's theory and they indicats that
the oxide ricrostructure is influencing e diffusion of species through
it.

The measursments of grain boundary diffusion in NiO have been used (2%)
to shov that the oxidation of Ni st temperatures belowv about 1100°C is
controlled by the outvard diffusior of Ni slong grain boundaries in the NiO
film. This is susmarised in Fig. 6 in which the measured perabolic rate
conatant for Ni oxidation (k, 8 X2/., where X is film thickness) is compared
uvith that predicted from grain boundcry dlf!ulon dats for Ni {n Ni0. Grain
boundary diifusion was included ia Vagner's theory by using sn effective
diffusion coafficient given by

1]
Dogs = "1"2‘”'."13 (1)

vhere g is the grain size ir the oxide normel to the growth dirocnon Also
included in Fig. 6 is k¥ expected for lsttice diffusion alone. g.n be
coen that st the lower teszerstures the messured kp is tvptccny 107 times
grester than that predicted Irom lattice diffusion, but vithin about o
factor of 2 of that predicted from grain boundary diffusion.

The direct cocrespondence betwaen oxidation rate and grain boundary
diffusion has only besn established for NiO because there are no g:ain
boundary diffusion data for other relevant oxides. Neverthelass, %ne
gomeral conclusion -.y be “78“13'1, made that the groeth of slow growing
crystalline oxides £ 10 en’ 8 ) is controlled by grsin boundary
diffusion in the oll

Oxidacion of Ni-Y Alloys snd CeO,~cuated Ni

Smal]l eadditions of some elements t0o an oxide fila are known to have
beneficial effect in incressing the sa'srence of the oxide to the metal
and/or the rate of oxidation (so-calli.a 'rare earth effuct’'). Typical
effective elements of this type are Y and Ce; particularly in the cass of
cr,o, and A1203 files. Recently two studies of this phenomenon have baen
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Figure 6§ — Arrhenius plot of the parabolic raste constant ior the oxidation
of Ni to Ni0O. 8Solid points are directly measured velues and open points are
calculated usiug measured grsin boundary diffusion coefficients and grain
aizes. The solid 1linn is the rste constant expacted {f lattice diffusion of
Ni 1is the only diffusion process contributing to oxidation (26,27,28).

Oxidstion of Ni-Y Allers

Nooss and Rothean (29) measured the rate ¢f oxidation of N{,

Ni-0.1 vt.2 Y and Ni-0.3 wt.X Y lllﬂ!l in oxygen at a pressure of 1 atms and
at temperatures in the rangs 500-900°C. They found thst Y increasea the
oxidation rete at 500 and 600°., but decreased it st 700-900°C. The main
iaflwence of Y oa the microstructure of the NiO filws was found to be on the
grain sise of the NiO. At 500 and 600°C Y reduced the grain size, but
incresased the grain sise at 700-900°C. Hcosa and Rothman showed that the
diffsreat grein sizes were sble to account for the reiastive oxidation rates
of Ni and the Ni-Y alloys. It was not necessary to assume that Y had any
inflwence on grain boundery diftusion of Ni which is consistent with their
diffusion masuremsents in Y-doped N{0. However, this hehaviour is not
comsistent vith the thooretigsl modelling which suggests that a2 trivalent
substitutional icn such as Y>' in {10 ahould blrck grain boundsry diffusion
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if present 2n the bouadaries at sufficiently hizh com:centrstioca (e.3. abeve
about 1%X). In the abnence of detailcd microotructural iavestigatioms it fe
not kpowvn hov the ¥ is distributed vithin the NiO fils, particularly st
grain boundarfus. Thuws it is possible to recomcile beth expectations and
obaervations if the Y in the filn is presest as relatively lezge
veil-sepsrated Y -rich second phases as suggested by Hooos and Rot*oea.

2xidstica of Ce0,-~coated Ni

Vhen Ca0, 1s applied an a thin coating on Ni it greatly reduces the
rate of ubooqnont Ni{ oxidaticn st temperatures below sbout 11090°C. Thie
system has been studied in consideradle detail by Chadvick and
Taylor (30-31) and. wore recently by Moon (33). The Ca0, in these studies
vas applied to the Ni surfece as s sol costing corresponding to a Ce0, layer
spproximaetely 0.1 pm in thicknesaz. The parsbolic rate constant for NiO
grovth is reduced considerably by this treatment as illustrated in Fig. 7.
At 700°C the rate is decreased by almost two orders of magnitude. The
mature microstructure of the resulting composite filu is {llustrated
schomaticclly 4n Fi:. 8. It consists of three distinct layers. The
outersoat columssr laysr i® almost purs NiO with s grain sise similar to
that of sn undoped N10 fils of the same thicknass. Chadwick and Taylor (30)
vere able to detect some Ce at grain boundaries in tnis outer layer by SINMS.
the innermost larer is similar to the outermost layer, but not as thick.
The middle lcyer is a fino-grained, two phase mixturs of Ni0 snd Ce0,.
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Figure 7 - The parsbolic rate constan: for the uxidstion of Ce0,-costad N{
corpsred wich that of pure Ni and thst expeacted for NiO growth Eelnx
controlled by lattice diffusion of Ni (30).




} Outer columnar NiO

o J330° 25 %" e | Middie fine-grained NiO+Ce0,
| ? ! ] E ( ?  inner equioxed NiO

Pigerc § -~ Sehemstic diaxrem sheving the msture sicrostructure of the oxide
formed by unidation of Coby-cested Ni.

At fsret it vas thought that the onidetiem rate wes comtrolled by the
outer layor asd that the Ce preseat om graia boundaries im the outer layer
wves reducing grain boundary diffusion. Rewevecr, the tracer diffuaion
coefficiont of Ni in these boundsries wvas found to be the seme as in undoped
N0 boundaries (Sectiem 2.3). PFurthermore, Chedvick and Vsylor (31) showed
conclusively (by an experiment im which a taper sectiom through the fila vs
re-onidised) thet it {s ia fect the middle, two phase layer which con:rols
the rat) of cuidation. (This cbeervaticu is consistent with the diffusion
experiments vhich shoved that Co hed no effect or- grain bowndary diffuciom
in the ouzer layar.) The rate of onidetion can be accounted for (f it is
aseumed that there is ro grain bowndary diffusion vithin the tvo phase
layer. BSince the grain sise in this layer is typically aa order of
sagnitude nmaller than in the other layers, the inference i» *liat all the
grain boundaries in the niddle layer are imoperative ss fast diffuson paths.
Chadwick snd Taylor (32) slso cbserved that the outer layer had a strong
peslesssd srisntation; vith «001> diractiona parslle] to the srowth
direction. This led them to propose that the CeU, may lead to o
sroduninance of lov diffusivity boundsries having 'specisl’' misorientation.
Detailed wm:crostructural snslysis of greim boundary geomvtries, however,
revesled taat thera was no significant bias towsrds 'spec.al’ boundaries in
either the middle or outer layers (32).

It nov appeers that the originc]! hypothesis in whick Ce at NiO grain
boundaries blocks grein boundary diffusion mey after =i/ be correct. MNoon
(33) has cacrried out s comprehonsive microenslytical study of grein
bowndaries in (or nesr) the widdle layer usimg STYM and has found that
slmost sll ti» boundaries in this region have Ce at their coreas (Fig. 9).
The concentration of Ce at the boundaries in the siddle layer (sasuming 8 =
i1 am) is equivalent to s Ce/Ni ratio of between 2 and 10%. From both the
theoretical modelling end the observed influence of Cr on Ni grain boundary
diffusion, *his concentration of Ce is expected to be sufficient to block
grain bowndary diffusion, vhich is consistant vith the oxidstion
experimsents.

Ve must nov explain vhy the Ce on tha boundariea in the outer iaver
does mot block Ni A{ffusion. There sppesar to be several contributing
factors. TFicut, Moon has observed that omly about one in four of the
boundszies in the owter layer had detectsble Ce in it. Second, the
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consentretion of Oo ia ¢ boundery ot the owter swrfass of the (ils 1o
enpested %0 b enly shout K o 1it2 miimar =sise (in the aiddle leywr)
bessnse of the lev greia boundery diffusien ceefricient of Co (14). ThINd,
the esncentration of Oo st grais boundaries in the imser layer 12 prebebly

then its selubility limit ia equil/brixa with UsOy Desause of the
of the sasll Cely parsislss.

i
I

Ouidetion of Rilwee Ni-Cx Allsys

Susll alleying additions of Cr %o Wi insrecse ths exidetian rate
fesaing a Cr=dopud N0 f1la (34,35). This is wruslly isverproted se being
the resuit of Cr-deping iasressing the Ni vesensy censentretien ia M0 sad
hemse the Mf 4iffusisn ecefficlent. AC Semperatures shuve sbeuwt 1100°C,
vheare letties diffusicn deninstes sush s duping offest is indeed camsistent
wvith the N{ diffusien data (Fig. 4). Newever, st lewer teaperetures, where
grain bvandary diffveicn daninetes, the imterpretaties is set se stisight-
fesvazd for twe resscms. First, the edditien of evea as 1little ae 0.1% Cr
is sufficient to couse the fermstion of ¢ duplex file structure. GSusend,
the diffusien cnperisssts (Vig. 4) indicsts thet Cr desreeses the
diffusivity of Ni ia M40 grein beounderies.

Sems woeful infermstion eemeeraing tramepssrt processes ia grewiang films
can by by 1 enidetion woing different oxyges isetopme;
woually !g: felloved by . Roseatly, experiseats of this typs have been
ssrried out st Narwell teo cempere the bebeviewr of 'pure’ Ni ead Ni~0.1% Cr

distributions i the emide films seasured by SIMS after “o,/  sequeatisl

When ‘pure’ nichel vas snidised sequentially, ia %0, follewed by 1%,

ves found enly near the enide/gec interfece (Fig. 10e).
This {9 to be enpocted sines film grewth is essurring by tho eutward
wuuwmm-‘-m-‘uw fermod at the couter

s 143tle, 4if ey, %0 1a the rest of the filam,
aie o bo ompusted frew the lev diffucivity of oxide ioms in both
the R40 lettice and greia boundsries (Fig. 1).
Vhea N~0.1% Cr slley was enidised under the seme comditiocas the

rubolu' rate comstant ves sbout s fector ef twvo greater thaa that of
pure’ aickel. The !E profiles through the films shov thet ia this case
the distridution of 1' very differeat (Fig. 10d). As in the cese of
‘pure’ N10 there is seme incerporated mear the oxides/gss imterfece, but
in sddition : 5 alse imcorpecated mear the metal,oxide interfece. Thuwe
the filas em Ni-J.1% Cr grew beth by the sutwerd tremspert of Ni and by the
iaverd trenspert of enygon; the exygsa tramspert occurriag by s sechanise
vhich sllews negligible snchenge of oxypea with the lattice. This could be
either s direct imterstitis)l defect mechanise, or transport by O, molecules
in pores. The Cr profilc shews thet the Cr is located oaly in the immer
pert of the film, which is to be empected frew the Jon diffwsivity of Cr in
both the NiO l.tt co and grain beundaries (Vig. 3). The aress under the
outer and Lamer distr'’butions are ia the same ratio as the outer eand
inmer oxide fila thickasesce (es defimed by the Cr distridwtion).
Therefere, the imwvard enygen tramspert sccommts completely for the growth of
the ismer layer of the duplex fila. GSimilar cbservetioms have dDeen reported
in the enidetion of many alleys (23). The imwerd oxyges tramsport is often
sktributed teo suypea greis beoundery diffusien throwgh the film. This {s,
huvevers, aot supperted by tho exyyon diftusien ssasuresente (Fig. 1) which
indicets that exypen groia boundery diffusion ls ceveral ordace of segnitude
teo siow to ssesmt for imwerd exygen ssvemeat (it would have to be
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appronisstely oqual to ths Ni greia boundery diffusien eeeffictont).
Yerthorusre, this wonid aet snplain the lesh of enygen pemetreticn through
the file grewa ea ‘puse’ alalw]l. The mest likely tremspert path for cupgen
is as O; pas soleculen sleng fisswres which Sovelep enly in the enide ea the
Cr-eentaining slley. Neweves, sush fisoures heove maver been sbeerved
direstly cad the wechanis) by which ths~ aight be gemereted is

wmeertais (23,97).

The insressed enideticn rete of tho Or-eentaining slley cammet eesily
s recensiled vith the shucrvetien thet Cy-duping iah_bitc tho diffwsien of
M ia WD grein bounderies (Fig. 4). 1 ve eseuse thet tho Cr fa the immer
leyor resshes its oquilibeiun segregation teo N0 grain bownderien and thet
the graia sise is sbeut 6.1 t’u the Cy/WtL retie in the grain bewndaries
1s cstimated to Ds sbout 6 & i0°", which should Do sufficicat to blesk the
duanderies. Nswewer, v i nt*l' t:.’h ,to lettice and its diffusion
' eseffisfont 16 very lov (+ 3 u 10718 0"l at 700°C, frem Fig. 9).
Squilibeioe of Cr betwesn greis and grain bowadary could thurefere tahe as
leng o0 100 days ot 700°C oven for 0.1 o grains. Thua ths distribution of
Cr betwaen grains end greis bowadary is wihnewm both in the immav leyer of
onidotion filas and in tiw diffusien enperimeats. (ith suwsh umserceinties
it {s net feasible te 20upere direstly the diffusien snd saidetien results.

Censlesione

There is much evidsace Yeth dicect snd imdirect) to imdicate tnat
shert—circuit diffusien, particularly sleng grain bounderies, in cunide filae
hat & dominant influence on oxi'stien processes at intcrmsdiste and low

telpe racures.

The onperisents’ data for dislecation ond grain bowusdery diffusion are
wsst entemsive fov Ni0. The data cover self-diffuwsion (Ni and 0), impurity
diffusion (Co, Cr and Co) snd the influsnce of impurities (Ce, Y end Cr).
The diffusien data are supported by the results of atomistic sisulatiens of
svain bounderies ia Ni0. The atsmistic celculetions suggest a machanisa by
Shish Righcr valemsy caticma ot amide grafn bounderies can bleck grain
bounisry diffusien by trapping vessmsies. Diffesion data for Cr—doped %10
suppett this mechanise, but these for Co- snd Y-doped N1O do not. This mey
be due to the lack of centrol ever the distribution of depent in the
different specimens.

Lattice diffusion is wiually found to De too slow by several orders of
magaitude te account for LY+ rate of grewth of slov-growing oxide f{lms.
This has boea tahen te fndiceats the deminsat inflwence of shert-circuit
diffusion. In the case of NI0Q the grain boundary dif lon ssesurements
shew that the relevant short—circuit {s the eutvard diffusion of Ni slong
NiO greia bounde~ies.

The influence of Y, Co end Cr on the rete of Ni onidetion is .ot simply
correlated vwith the (nflwence of these impurities on grain boundsry
diffusion exporimsnts. Tais s becaves the distribution of the jmpurities
is impertant in both the entdatien anc diffusion euperisants end i¢ ususlly
not known. (Further complicatioms ariso frem the inflwemce of impurities on
sTain siss, fo woll e Jdiffusivity, sad the ferpetion of duplexn filae
structures.) The systes vhich has beon studied most from the
sicrostructural peoiat of view {s 0.0:—“0. Nere, microumalysis has shown
that iu part of the file eli W10 boundaries comtain Ce at s level which {s
expected te block grain boundery diffusion and the oxidetion experiwmsats are
consisteat vith cthis hypothesis. Thus it sppears that the hlocking
sschadionm is probably correct, but thet & lacge excess of these reletively
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